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PROJECT 5112: THE PROPERTIES OF RECTIFYING JUNCTIONS I N  GaAsXP1-, 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  
Grant N s G - 5 5 5  
P r o j e c t  Leader: G.  L. Pearson 
S t a f f :  S. F. Nygren 
The purpose of t h i s  pro jec t  i s  t o  s tudy  t h e  p repa ra t ion  and 
c h a r a c t e r i z a t i o n  of r e c t i f y i n g  j u n c t i o n s  i n  GaP and GaAsxP1-x. I n  
p a r t i c u l a r ,  we w i s h  t o  r e l a t e  t h e  s t r u c t u r e  of t h e  c r y s t a l s  t o  t h e  
e l e c t r i c a l  p r o p e r t i e s  of t h e  p-n junc t ions .  During t h i s  q u a r t e r ,  we 
have formed p-n junc t ions  by t h e  d i f f u s i o n  of z i n c  i n t o  n-type gal l ium 
phosphide under high phosphorus pressures .  The r e l a t i o n s h i p  among 
j u n c t i o n  depth,  temperature ,  and phosphorus p re s su re  has  been determined. 
Junc t ions  have a l s o  been formed by growing beryllium-doped l i q u i d  e p i t a x i a l  
l a y e r s  of gal l ium phosphide on n-type gal l ium phosphide seeds, I t  was 
can be grown found t h a t  a l a y e r  with a hole d e n s i t y  of 8 . 7  X 10 
from a gall ium s o l u t i o n  conta in ing  1 .4  X 1'3 atom per  cent  beryl l ium. 
18 cm-3 
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A .  Diffus ion  of  Zinc i n t o  Gallium PhosDhide 
L. L, Chang' has  shown t h a t  i f  t h e  z i n c  d i f f u s i o n  c o e f f i c i e n t  i s  
a func t ion  of on ly  t h e  z inc  concent ra t ion ,  and i f  t h e  d i f f u s i o n  p r o f i l e  
i s  s u f f i c i e n t l y  s teep- f ronted ,  t hen  t h e  j u n c t i o n  depth,  x should obey 
j '  
x = A  G ,  0 
j 
- 
where A = cons tan t  f o r  a given temperature ,  D = d i f f u s i o n  c o e f f i c i e n t  
a t  t h e  su r face ,  t = t i m e ,  
0 
0 0 
We have checked t h i s  r e l a t i o n s h i p  a t  800 C and 900 C using a pure 
z i n c  d i f f u s i o n  source.  This  source  p l aces  t h e  s y s t e m  i n  monovariant 
reg ion  #1 of t h e  phase diagram, a s  descr ibed i n  t h e  prev ious  r e p o r t .  
2 
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Liquid "a" i s  present  i n  the  sys tem.  The r e s u l t s  of t hese  d i f f u s i o n s ,  
p l o t t e d  i n  Fig.  1, show s i g n i f i c a n t  v a r i a t i o n s  from t h e  p red ic t ed  
dependence on t .  For comparison, Fig.  1 a l s o  inc ludes  d a t a  from 
d i f f u s i o m d o n e  w i t h  excess  phosphorus - 2.2 atmospheres of P The 
s y s t e m  contained o n l y  s o l i d  Gap, s o l i d  Zn P and a vapor phase - no 
l i q u i d s .  I t  i s  seen  t h a t  t h e  j u n c t i o n  depth i s  p ropor t iona l  t o  
when t h e  phosphorus p re s su re  i s  high. 
4 '  
3 2' 
I n  o r d e r  t o  examine the  p r o p e r t i e s  of d i f f u s i o n s  done i n  mono- 
v a r i a n t  reg ion  #2 of t h e  phase diagram, it was f i r s t  necessary  t o  
c a l c u l a t e  the  vapor pressures  t h a t  e x i s t  over  t h e  Ga-P-Zn l i q u i d u s .  
N o  experimental  r e s u l t s  a r e  ava i l ab le .  The p res su res  were c a l c u l a t e d  
by  applying t h e  r egu la r  so lu t ion  method of Furukawa and Thurmond t o  
e x t r a p o l a t i o n s  of Pan i sh ' s  phase diagram. The r e s u l t s  f o r  t h e  
p re s su res  of P4 and Zn , t h e  dominant s p e c i e s  i n  r eg ion  #2, 
a r e  shown i n  F ig .  2. 
3 
4 
3 
Dif fus ions  were done i n  r eg ion  #2 u s i n g  0.21 c m  ampoules, each 
con ta in ing  a GaP sample, excess GaP powder, 0.87 mg Ga, 2.72 mg P, and 
3.41 mg Zn. The d i f f u s i o n  source was chosen t o  provide t h e  proper  
condensed phases  and vapor pressures  f o r  r eg ion  #2, even i f  t h e  
p re s su re  c a l c u l a t i o n s  were i n  e r r o r  by f 50%. Di f fus ions  us ing  
d i f f e r e n t  amounts of excess  phosphorus a t  900°C demonstrated t h a t  
t h e  above source  i s  c o r r e c t  f o r  900 C, and, presumably, i s  c o r r e c t  
from 75OoC t o  ~ O O O ~ C .  
0 
The p-n junc t ions  were revea led  by our  usua l  c ros s - sec t ion ing  
1 1  
and e t c h i n g  procedure. The r e s u l t s  of d i f f u s i o n s  wi th  l i q u i d  
s imi la r  t o  those  wi th  l i q u i d  "a" i n  t h a t  p r e c i p i t a t i o n  and d i f f u s i o n  
b" a r e  
2 
I 
r 
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induced d e f e c t s  a r e  ev iden t ,  p a r t i c u l a r l y  above 900 C. However, there 
a r e  two major d i f f e r e n c e s  between d i f f u s i o n s  done wi th  t h e  two d i f f e r e n t  
l i q u i d s .  For  a given temperature and time, a p-n j u n c t i o n  formed by 
d i f f u s i o n  w i t h  l i q u i d  "b" i n  t h e  system i s  sha l lower  and more p l ana r  
than one farmed wi th  l i q u i d  "a". 
j unc t ion  depth ( l abe led  "front") and t h e  average depth of a d i f f u s i o n  
s p i k e  found a t  a s t ack ing  f a u l t  a r e  p l o t t e d  a g a i n s t  r e c i p r o c a l  temperature .  
Th i s  i s  shown i n  Fig.  3 where t h e  minimum 
These r e s u l t s  may be explained q u a l i t a t i v e l y .  Equi l ibr ium 
r e l a t i o n s h i p s  may be used t o  c a l c u l a t e  C t h e  s u r f a c e  concen t r a t ion  0 
s '  
of z inc  : 
and P a r e  the p re s su res  o f  Zn and P4, ks  i s  cons tan t  
p4 'Z n 
where 
f o r  a given temperature ,  and 
d i f f u s i o n  c o e f f i c i e n t  may be c a l c u l a t e d  from t h e  i n t e r s t i t i a l - s u b s t i -  
t u t i o n a l  model: 
i s  t h e  h o l e  a c t i v i t y  c o e f f i c i e n t .  The 
yP 
) ( k  ) i f  n = 2 D = ( 3 + -  - )(klDiYpCsPp4 1 + (2 + - - - 2c S dYp 3 3 -1/4 cs dyp 
yP dCS yp dCs p4 
\ v J \  v - (4) 
i n t e r s t i t i a l  s u b s t i t u t i o n a l  
= i n t e r s t i t i a l  z inc  Di where 
d i f f u s i o n  c o e f f i c i e n t ,  
a t  a g iven  temperature ,  + n = charge s t a t e  of i n t e r s t i t i t a l  z i n c ;  
6 = e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t ,  
= z inc  concen t r a t ion ,  k and k = c o n s t a n t s  
c S  1 2 
3 
1 
I 
. 
n = 1 o r  2, but  i t  i s  disputed i n  t h e  l i t e r a t u r e .  
By us ing  Eq. (2) Panish and Casey's'  d a t a  f o r  t h e  h o l e  a c t i v i t y  
6 c o e f f i c i e n t ,  and Chang and Pearson ' s  d a t a  f o r  z i n c  s u r f a c e  concentra-  
t i o n  w i t h  l i q u i d  "a", t h e  su r face  concen t r a t ion  fo r  l i q u i d  
c a l c u l a t e d ,  Likewise, by using Eqs. (1) and (2) and e i the r  (3) o r  (41, 
and by assuming t h e  i n t e r s t i t i t a l  term dominant a t  a l l  p re s su res ,  t h e  
j u n c t i o n  depth f o r  l i q u i d  "b" may be c a l c u l a t e d  from t h e  junc t ion  
depth f o r  l i q u i d  "a". 
shown i n  Fig.  4. I t  is  seen  t h a t  t h e  ca l cu la t ed  r e s u l t s  f o r  j u n c t i o n  
depth  do not  agree e x a c t l y  with t h e  experimental  r e s u l t s .  T h i s  i s  not  
s u r p r i s i n g ,  given t h e  crudeness of t he  p res su re  c a l c u l a t i o n s  and t h e  
v i o l a t i o n  of Eq. (1) by d i f f u s i o n s  from l i q u i d  a . However, t h e  
c a l c u l a t i o n s  d o  show t h a t  a shal lower d i f f u s i o n  wi th  l i q u i d  "b" i s  
expected. 
I t  
b" may be 
The experimental  and c a l c u l a t e d  r e s u l t s  are 
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Equations(3) and (4) a l so  demonstrate why t h e  d i f f u s i o n  f r o n t  
I I  w i t h  l i q u i d  
Pearson7 have demonstrated t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  s t r o n g l y  
concen t r a t ion  dependent when l i q u i d  a i s  p r e s e n t ,  I n  t h i s  case  t h e  
i n t e r s t i t i t a l  term dominates, and an inhomogeneity i n  a sample t h a t  
changes t h e  z i n c  concent ra t icn  w i l l  a l s o  change the  d i f f u s i o n  c o e f f i c i e n t ,  
making t h e  d i f f u s i o n  f r o n t  i r r e g u l a r .  As phosphorus p re s su re  i s  
increased ,  t h e  i n t e r s t i t i t a l  term decreases ,  and t h e  s u b s t i t u t i o n a l  
t e r m  i nc reases .  Apparently,  with l i q u i d  b" t h e  two terms approach 
t h e  same orde r  of magnitude, making t h e  d i f f u s i o n  c o e f f i c i e n t  considera-  
b l y  less concen t r a t ion  dependent. That ,  coupled wi th  t h e  f a c t  t h a t  
t h e  increased  phosphorus p re s su re  probably l e a d s  t o  a more homogeneous 
b" i s  more p lanar  t han  wi th  l i q u i d  "a". Chang and 
I I  11 
1 1  
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c r y s t a l ,  l e a d s  t o  a considerably more p l a n a r  d i f f u s i o n  f r o n t .  
B. Liquid Epi taxy  
W e  have begun t o  grow l i q u i d  e p i t a x i a l  l a y e r s  of  GaP doped wi th  
Be. Our i n i t i a l  series of runs yielded only  one good l a y e r .  I t  was 
grown by our  s tandard  technique: A 93 pg c h i p  of Be,  4.99 g of  Ga, 
and enough GaP t o  more than  s a t u r a t e  t h e  Ga a t  96OoC was loaded i n t o  t h e  
source  end of t he  boat.  The source  was heated from room temperature  t o  
950 C i n  60 minutes and allowed t o  s t a b i l i z e  f o r  15 minutes.  Then it 
was brought i n t o  con tac t  w i t h  t h e  seed and cooled a t  0.375 /min u n t i l  
660 C was reached. A t  t h a t  po in t ,  t h e  furnace  was s h u t  o f f .  I n  t h e  
temperature  range from 950 C t o  660 C, t h e  s o l u b i l i t y  of GaP i n  Ga 
dec reases  from 1.5 a/o (atom pe r  cent )  t o  2.3 X 10 a/o so t h a t  
98% of t h e  c r y s t a l  i s  grown, and t h e  s o l u b i l i t y  of Be  i n  Ga dec reases  
0 
0 
0 
0 0 
-2 
-1 9 
from 3.4 a/o t o  4.2 X 10 a/o . I f  t h e  93 pg Be d i s so lved  completely 
-2 
i n  t h e  4.99 g Ga, t h e  concent ra t ion  would be 1.4 X 10 a/o. 
The Be-doped l a y e r  was p-type, and t h e  diode formed by t h e  l a y e r  
and t h e  n-type s u b s t r a t e  gave o f f  green e lec t ro luminescent  l i g h t .  The 
l a y e r  was h e a v i l y  doped, and gold d o t s  evaporated on to  i t  formed ohmic 
c o n t a c t s  wi thout  being alloyed. A Van d e r  P a w  sample was made from 
an 89 p t h i c k  s l a b  taken from t h e  l aye r .  Neglec t ing  p o s s i b l e  v a r i a t i o n s  
i n  doping concen t r a t ion  a s  a f u n c t i o n  of depth w i t h i n  t h e  l a y e r ,  w e  
measured p = 8.7  X 10 c m  (1.75 X 
a t  r o o m  temperature .  A t  80 k, t h e  measurements were p = 8 .7  X 10 cm 
and p = 18 cm /v sec.  
18 -3 2 a/o) and p, = 34 cm /v sec 
0 18 3 
2 
H 
The Be-doped l a y e r  was unusual  i n  many r e spec t s .  F i r s t ,  t h e  
l a y e r  was much t h i c k e r  than normal: 180 p a s  compared t o  60-90 p 
5 
u s u a l l y  found with undoped l aye r s ,  Second, about 30 of t h e  
seed had been melted before  the  l a y e r  began t o  grow, compared wi th  
no melt-back a t  a l l  wi th  undoped or zinc-doped l aye r s .  Third,  t h e  B e  
had d i f f u s e d  about 20 )1, i n t o  t h e  seed from t he  seed / l aye r  i n t e r f a c e ,  
compared wi th  no measurable d i f f u s i o n  seen  in l a y e r s  doped t o  10 c m  
1 7  -3 
wi th  zinc.  
Attempts t o  grow a Be-doped l a y e r  from a s o l u t i o n  con ta in ing  
2.1 X 10-1 a/o Be r e s u l t e d  i n  s eve re  melt-back and c r y s t a l  regrowth 
i n  only  a few i s o l a t e d  i s l ands ,  Th i s  i s  n o t  s u r p r i s i n g  s i n c e  a Be  
d e n s i t y  of lo1’ 
i n  GaP a t  95OoC. 
s i m i l a r  t o  Gap, is  about 2 X 10 c m  . 
i s  probably very c l o s e  t o  t h e  s o l u b i l i t y  of Be 
A t  93OoC, the  s o l u b i l i t y  of Be i n  GaAs, a ma te r i a l  
I n  t h e  f u t u r e  w e  s h a l l  19 -3 10 
at tempt  t o  grow l a y e r s  t h a t  a r e  more l i g h t l y  doped wi th  Be.  
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The purpose of t h i s  p r o j e c t  is  t o  prepare  power r e c t i f i e r s  and 
0 
s o l a r  b a t t e r i e s  which w i l l  opera te  a t  temperatures  up t o  500 C ,  Previoue 
experiments showed the  f e a s i b i l i t y  of N i :  n-Gap Schot tky  d iodes  a s  
power r e c t i f i e r s ,  The main e f f o r t  t h i s  month was concent ra ted  on 
i n c r e a s i n g  t h e  r eve r se  breakdown vol tage  a s  w e l l  a8 dec reas ing  t h e  
forward r e s i s t a n c e  of t h e s e  devices.  
A .  Vapor-epi taxial  c r y s t a l s  
Seven c r y s t a l s  were grown by vapor ep i t axy .  Typica l  growth 
3 3 cond i t ions  were: H2 flow r a t e .  '110 c m  /min (main) and 45 c m  /min (FC13 
bubbler  a t  OOC); temperature  of Ga boat ,  - 93OoC, temperature  of GaAs 
s u b s t r a t e ,  869OC (vapor e t ch  for 5 min) and 82OoC (growth). 
The p r o p e r t i e s  o f  these  c r y s t a l s  a r e  shown i n  Table  1. The 
impuri ty  concen t r a t ions  of the undoped c r y s t a l s  were i n  t h e  range of 
1015 - 1Q c m  . PC1 from a new b o t t l e  seemed t o  g ive  somewhat 
h ighe r  e l e c t r o n  concent ra t ions  i n  t h e  grown c r y s t a l s ,  though t h e  o ld  and 
16 -3 
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t h e  new b o t t l e s  bore t h e  same lot  number, 
I t  was t r i e d  once (VG-2) t o  grow a p-type c r y s t a l  by us ing  '3.1 w t  % 
s o l u t i o n  of Cd12 i n  PC1 
a t  a l l .  No f u r t h e r  a t tempt  was made t o  inco rpora t e  i m p u r i t i e s  i n  vapor 
but i t  seemed t h a t  cadmium was not  t ranspor ted  
3' 
grown e p i t a x i a l  c r y s t a l s .  
A new s e t u p  f o r  growing he te ro junc t ions  was completed. Two 
independent Ga boa t s  a r e  f o r  AsC13 and FC1 r e s p e c t i v e l y ,  and t h e  3 
13 
p o s i t i o n s  of  t h e  boa t s  a r e  ad jus t ab le  so a s  t o  c o n t r o l  t h e  temperatures .  
B. L iquid-epi t  a x i a l  c r y s t a l s  
F ive  undoped c r y s t a l s  were grown by l i q u i d  ep i t axy  from Ga on 
s u b s t r a t e s  grown by  vapor epi taxy.  A s  shown i n  Table  2 t h e  e l e c t r o n  
concen t r a t ions  of these undoped l i q u i d - e p i t a x i a l  c r y s t a l s  were comparable 
t o  those  of vapor-ep i tax ia l  c r y s t a l s .  O r i g i n a l l y  t h e  purpose of  growing 
l i q u i d  e p i t a x i a l  c r y s t a l s  on vapor ep i t axy  c r y s t a l s  was t o  ge t  c r y s t a l s  
w i t h  more uni formi ty  and fewer c r y s t a l  imperfec t ions ,  A comparison of 
t h e s e  two methods i s  shown i n  F i g .  1, i n  which t h e  breakdown vo l t ages  
of Schot tky  b a r r i e r s  versus  e l e c t r o n  concent ra t ions  a r e  p l o t t e d .  
Two c r y s t a l s  were grown from Ga con ta in ing  9.6 mol % Sn. The 
17 -3 
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c r y s t a l s  contained -10 c m  n e t  donors,  which g ives  t h e  d i s t r i b u t i o n  
c o e f f i c i e n t  of Sn, -10 . T h i s  va lue  i s  i n  good agreement w i t h  t h a t  
g iven  by Trumbore e t  a l l  a t  1070 C i n  GaP a s  w e l l  a s  t h a t  obtained by  
0 
2 J. H a r r i s  i n  GaAs. The v a r i a t i o n  of e l e c t r o n  concen t r a t ion  was w i t h i n  
50% i n  t h e  f i r s t  50 p .  The growth temperature  was 950 C a t  t h e  i n t e r f a c e  
and 820 C a f t e r  growing 50 so t h e  d i s t r i b u t i o n  c o e f f i c i e n t  seems t o  be 
only  a weak func t ion  of temperature from 820 t o  1079 C .  
0 
0 
0 
C .  V-I C h a r a c t e r i s t i c s  of Schottky d iodes  a t  room temperature  --  
Due t o  t h e  tendency t o  c l eave  i n  (110) p lanes ,  which i s  inhe ren t  
t o  most 1 1 1 - V  compounds, i t  i s  ext remely  d i f f i c u l t  t o  l a p  GaP c r y s t a l s  
t h i n n e r  than  53 p.  On t h e  o the r  hand, on ly  10 p a r e  necessary  t o  
o b t a i n  breakdown vol tage  of 100 V,  which i s  our  t e n t a t i v e  goal .  LG8 
and LG9 were grown i n  t r i a l s  t o  reduce t h e  forward series r e s i s t a n c e .  
Liquid e p i t a x i a l  c r y s t a l s  of about 60 p t h i ckness ,  conta in ing  10 17 3 Sn/cm , 
were grown on t h e  €3 plane of c r y s t a l  VG 6 which was 29r) p t h i c k .  
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Schot tky  d iodes  were made on t h e  VG6 s i d e  a f t e r  reducing 
t h e  t o t a l  t h i ckness  t o  175 p ,  The s t r u c t u r e  of t h e  diode i s  shown 
i n  t h e  i n s e t  of F ig .  2. Figure 2 a l s o  shows t h e  s t a t i c  forward V-I 
c h a r a c t e r i s t i c s  of t h e  Schottky diode. The forward c u r r e n t  i s  approxi- 
mated by t h e  fo l lowing  equation: 
eV I N  Io exp(---) nkT . 
The s lope  of t h e  curve,  n, i s  1.75 f o r  0 - < V < 0.5  v o l t s  and 1.5 f o r  
0.5 < V < 1 v o l t s .  Io was ex t rapola ted  from t h e  reg ion  0.5 < V < 1, 
t o  be about 2 X 10 A(* 1.7 X A/cm ) , Departures  from t h e  
i d e a l  case  (n = 1.0) i s  usua l ly  a t t r i b u t e d  t o  t h e  s u r f a c e  t rea tment .  
I n  t h e  p re sen t  case ,  the polished su r face  was s l i g h t l y  etched wi th  
t h e  s o l u t i o n  [8K3Fe(CN)6: 12KOH: l O O H  03 j u s t  p r i o r  t o  t h e  evapora t ion  
of N i .  
-17 2 
3 
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The forward d i f f e r e n t i a l  r e s i s t a n c e  was about 2000, and t h i s  
w i l l  be reduced i n  t h e  fu ture .  The d c  r eve r se  c h a r a c t e r i s t i c s  a r e  
shown i n  Fig.  3. A h y s t e r e s i s  is  c l e a r l y  seen a t  t h e  breakdown. On 
t h e  Tekt ronix  curve  t r a c e r  more complicated breakdown curves were 
observed (Fig.  4). Though we have not  s tud ied  t h i s  phenomenon 
c a r e f u l l y ,  i t  i s  probably due t o  t h e  slow s t a t e s  which we repor ted  
i n  t h e  previous q u a r t e r l y  repor t .  
D. Observat ion of microplasmas 
We observed microplasmas through semi- t ransparent  N i  or Au 
f i l m s  i n  reverse-biased diodes. There were t h r e e  types  of p a t t e r n s ;  
i .e. ,  i) s p o t ,  ii) l i n e  and iii) edge. 
15 
Spot luminescence was o f t e n  seen i n  vapor -ep i t ax ia l  c r y s t a l s  
(Fig.  5a).  Line luminescence (Fig.  5b) was seen  only  i n  l i q u i d  
e p i t a x i a l  c r y s t a l s .  The spo t s  developed i n t o  l i n e s  i n  i n c r e a s i n g  t h e  
c u r r e n t  which resembled t h e  evo lu t ion  of  t h e  nea r  f i e l d  p a t t e r n  i n  
semiconductor j unc t ion  l a s e r s .  The l i n e s  were p a r a l l e l  t o  one of t h e  
(110) axes and t h e i r  l eng ths  reached 15 p. Line luminescence could be 
caused by t h e  accumulation of i m p u r i t i e s  which was due t o  t h e  r e p e a t i n g  
cycle o f  super  s a t u r a t i o n  and growth. We were unable  t o  f ind  a c o r r e l a -  
t i o n  between t h e  e t c h  p a t t e r n  and t h e  luminescence p a t t e r n  because of 
inadequate  e tch ing .  
Edge luminescence (Fig. 5c) i s  due t o  a concen t r a t ion  of t h e  
e lec t r ic  f i e l d .  T h i s  type  of breakdown could be avoided i n  a mesa 
4 
or a guard r i n g  s t r u c t u r e .  
The knicks i n  t h e  r eve r se  c h a r a c t e r i s t i c s  ( a  and b i n  F ig .  4b) 
a r e  due t o  these microplasmas. 
E. P lans  f o r  t h e  next qua r t e r .  
GaP c r y s t a l s  w i l l  be grown from Sn s o l u t i o n s  t o  ge t  more h e a v i l y  
doped c r y s t a l s .  Hetero junc t ions  w i l l  a l s o  be grown by vapor ep i t axy  
which w i l l  s e rve  a s  photoce l l s  and ohmic con tac t s .  Ion  bombardment 
w i l l  be t r i e d  i n  an at tempt  t o  o b t a i n  a c l ean  i n t e r f a c e  a t  t h e  
Schot tky  b a r r i e r .  
Techniques of mesa e tch ing  w i l l  be pursued t o  reduce t h e  s u r f a c e  
leakage c u r r e n t  a s  well a s  t o  e l i m i n a t e  t h e  edge breakdown. 
V-I  c h a r a c t e r i s t i c s  w i l l  be s t u d i e d  a t  h igher  tempera tures  i n  
var ious  gas ambients. 
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Sample 
Number 
VG 2 
VG 3 
VG 4 
VG 5 
VG 6 
VG 7 
Sample 
Number 
L G 2  
LG 3 
L G 4  
L G 5  
L G 6  
L G 8  
L G 9  
TABLE 1. Prope r t i e s  of Vapor-Epi taxial  C r y s t a l s  
Growth Time E lec t ron  Breakdown 
(min) /Thickness (p) Concent ra t ion  Voltage (V) Remarks 
( c m - 3 )  
220/220 3 - 6 x 1 0  15 C d I  2 doped i n  15 
bubbler  
10 15 300/200 5 - 14 X 10 
445/350 1 - 3  x 1 0  l5 4 0  
540/500 
340/400 
540/450 
15  Extremely smooth 
s u r f  ace 
42 New b o t t l e  of PC1 
20 Pyramids on t h e  
s u r f  ace 
15 4.4 x 10 
3 
16 
16 
1 x 10 
1 x 10 
TABLE 2. Prope r t i e s  of Liquid-Epi tax ia l  C r y s t a l s  
Growth Time 
(hr )  /Thickness (p) 
18/80 
18/60 
18/97 
18/90 
18/78 
18/70 
18/60 
S u b s t r a t e  
VG-4 
VG-7A 
VG - 7A 
VG-7A 
VG-7A 
VG-6 
VG- 6 
E lec t ron  Con- 
c e n t r a t i o n s  Breakdown Remarks 
(cm-3) Volt  age (V) 
3 x 10 3 16  
1 x 10l6  10 
.4  - 1.5X10 l6 80 
100 1 x 10 
60 4 x 10 
6 X 10 l6  - 8  Sn-doped - 10 Sn-doped 1 x 10 
16  
15 
1 7  
1 7  
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FIG.  2 - Forward c h a r a c t e r i s t i c s  of a 
GaP Scho t tky  diode. 
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PROJECT 5116: DONOR IMPURITIES I N  GaP 
Nat iona l  Aeronautics and Space Adminis t ra t ion  
Grant  N s G - 5 5 5  
P r i n c i p a l  I n v e s t i g a t o r :  G. L. Pearson 
S t a f f :  A .  Young" 
The purpose of t h i s  p ro jec t  is  t o  s t u d y  t h e  behavior  of shallow 
donors i n  ga l l ium phosphide. I n  p a r t i c u l a r  S ,  Se,  and Te w i l l  be 
d i f fused  i n t o  GaP t o  determine s o l u b i l i t y  and d i f f u s i o n  parameters.  
Th i s  information w i l l  be usefu l  i n  d e l i n e a t i n g  t h e  p r o p e r t i e s  of 
GaP doped wi th  t h e s e  shal low donor impur i t i e s .  
D i f fus ion  of S u l f u r  Throulrh S i l i c o n  Oxide Film 
A 22002 S i 0  f i l m  was deposi ted on to  a GaP sample wi th  an r - f .  2 
glow discharge  s y s t e m  using s i l a n e  and n i t r o u s  oxide.  The f i l m  was 
then annealed a t  600 C f o r  4 hours i n  a n i t rogen  atmosphere t o  improve 0 
i t s  adherenceand d e n s i t y .  20 micrograms of non-radioact ive s u l f u r  was 
placed i n  an ampoule w i t h  t h e  sample and d i f f u s e d  for 12 hours a t  
1215OC. No excess  phosphorus was used. Although some cracking  of 
t h e  f i l m  and a few p inholes  developed du r ing  t h e  d i f f u s i o n ,  t h e  s u r f a c e s  
i n  genera l  were q u i t e  good. (Film depos i t i ons  on heated s u b s t r a t e s  a r e  
expected t o  be even be t t e r . )  
Incremental  Ha l l  measurements were made on t h e  "b" f a c e  t o  
determine t h e  c a r r i e r  concent ra t ion  a s  a f u n c t i o n  of depth. The r e s u l t s  
a r e  shown i n  F ig .  1. Unfortunately,  no r a d i o t r a c e r  p r o f i l e  i s  a v a i l a b l e  
f o r  t h i s  sample. However, previous r e s u l t s  i n d i c a t e  t h a t  t h e  d i f f u s i o n  
f r o n t s  determined by r a d i o t r a c e r  and H a l l  measurements should co inc ide  
f a i r l y  w e l l .  The presence of t h e  f i l m  has reduced t h e  e f f e c t i v e  
j u n c t i o n  depth  t o  6 microns - w i t h o u t  t h e  f i lm ,  t h e  j u n c t i o n  depth 
would be expected t o  be about 15 microns. Th i s  r e s u l t  impl ies  t h a t  
* 
NSF Fellow 8 
t h e  d i f f u s i o n  c o e f f i c i e n t  of s u l f u r  i n  GaP i s  perhaps 3 o r d e r s  of 
magnitude l a r g e r  t han  i n  S i 0  and sugges t s  t h a t  d e p l e t i o n  of t h e  vapor 
source by  d i f f u s i o n  i n t o  the q u a r t z  ampoule should not  be a s e r i o u s  
p ro  b 1 em. 
2’ 
I n  o rde r  t o  check t h a t  t h e  d i f f u s e d  l a y e r  was doped with s u l f u r ,  
and no t  with s i l i c o n  (from t h e  S i02  f i lm) a c o n t r o l  sample of S i 0  
on GaP was heated i n  t h e  absence of s u l f u r  f o r  12 hours a t  1215 C.  Hal l  
f i l m  
2 
0 
measurements i n d i c a t e  t h a t  t h e  sample a f t e r  hea t  t r ea tmen t  was p-type 
wi th  a c a r r i e r  concen t r a t ion  i n  t h e  10 c m  range. F u r t h e r  s tudy  
would be needed to  determine i f  t h e  accep to r  i s  copper, s i l i c o n  on 
a phosphorus s i t e ,  or something else. 
14 -3 
These S i 0  f i l m s  w i l l  be  used i n  incremental  H a l l  measurements 
on d i f f u s e d  l a y e r s  t o  e l imina te  u n c e r t a i n t i e s  due t o  rough s u r f a c e s .  
H a l l  Measurements on Sulfur-Dif fused Layer (77% t o  500%) 
2 
A sample d i f f u s e d  w i t h  s u l f u r  through a 22002 Si02 f i l m  was 
mounted on a t r a n s i s t o r  header and Ha l l  measurements were made from 
77% t o  500%. Assuming a homogeneous l a y e r  of t h i ckness  6 microns 
a s  determined by incremental  s h e e t  r e s i s t i v i t y  measurements on t h e  
oppos i t e  f ace ,  average c a r r i e r  concen t r a t ion ,  mob i l i t y ,  and r e s i s t i v i t y  
of t h e  l a y e r  were determined a s  a f u n c t i o n  of temperature.  The r e s u l t s  
a r e  shown i n  Fig.  2. 
The apparent minima i n  t h e  e l e c t r o n  concen t r a t ion  and maximum 
1 
i n  t h e  m o b i l i t y  have been observed p rev ious ly  by o t h e r  experimenters 
and a t t r i b u t e d  t o  t h e  onset of impurity-band conduction. For 
n > 1-2 X 10l8 c m  -3 , a m e t a l l i c  form of impur i ty  band conduction i s  
be l i eved  t o  e x i s t ,  l e a d i n g  t o  e l e c t r i c a l  parameters t h a t  a r e  on ly  
weakly dependent on temperature. 
9 
I n  t h e  high temperature reg ion ,  t h e  m o b i l i t y  can be f i t  w e l l  
wi th  a combination of p o l a r  l a t t i c e  s c a t t e r i n g  and space-charge s c a t t e r i n g  
(with NsA = 10 1. 3 2  
A t  room temperature  the  average c a r r i e r  concen t r a t ion  i s  
18 -3 18 -3 
5 X 10 c m  and i n c r e a s e s  to  9 X 10 c m  a t  500°k with  no 
evidence of 8 s a t u r a t i o n  region,  I t  would be of some i n t e r e s t  t o  
extend measurements t o  higher temperatures .  
An a c t i v a t i o n  energy of about 0.060 e V  (2 X 0.030) i s  deduced 
from t h e  s t r a i g h t  l i n e  po r t ion  of t h e  e l e c t r o n  concen t r a t ion  curve i n  
reasonable  agreement with published r e s u l t s  f o r  a t o t a l  donor concentra- 
t i o n  of 10 c m  . The temperature run on t h e  d i f f u s e d  l a y e r  was 
done t o  determine i f  t h e  s u l f u r  t h a t  was e l e c t r i c a l l y  i n a c t i v e  a t  room 
19  -3 3 
temperature  might have been p resen t  i n  a complex wi th  i o n i z a t i o n  
energy l a r g e r  t han  t h a t  of t h e  shal low donor. No such c e n t e r  could be 
d e t e c t e d  w i t h i n  t h e  temperature range used. Op t i ca l  methods may be 
needed i f  t h e  c e n t e r  i s  very deep. 
4 
Dif fus ions  
0 
F u r t h e r  d i f f u s i o n s  have been done a t  1215 C t o  s tudy  t h e  
dependence of t h e  s u l f u r  su r face  concen t r a t ion  on s u l f u r  p re s su re  dur ing  
d i f f u s i o n ,  A new S-35 source has  been used pe rmi t t i ng  t h e  i n v e s t i g a t i o n  
of a much wider  range of concent ra t ions .  The p r o f i l e s  a r e  shown i n  
Fig.  3, and a p l o t  of sur face  concen t r a t ion  versus  s u l f u r  vapor 
d e n s i t y  (p ropor t iona l  t o  P i s  shown i n  F ig ,  4 f o r  t h e s e  p r o f i l e s ,  
a s  w e l l  a s  t hose  reported l a s t  q u a r t e r .  
s2 
The experimental  evidence sugges t s  
n 
s u r f a c e  concent ra t ion  CY (P 1 1 < n < 1.5 . 
s2 
10 
. 
I f  n = 1, i t  is  poss ib le  t o  invoke var ious  complexes, 
admi t ted ly  somewhat a r t i f i c i a l ,  t h a t  produce t h e  c o r r e c t  dependence 
- s - v - s 1, [Sga - S I -  
LVga p ga P P 
of concen t r a t ion  on pressure ,  e .g . ,  
a nearest  neighbor s u b s t i t u t i o n a l  p a i r ,  or [Si - Si] - an i n t e r s t i t i a l  
p a i r .  Yet t o  be answered are: o b j e c t i o n s  concerning t h e  p l a u s i b i l i t y  
of such complexes with respect  t o  p r o b a b i l i t y  of formation, phys i ca l  
s i z e  and e l e c t r o n  bonding. 
A marked d i f f e r e n c e  e x i s t s  between doping f r a n  s o l u t i o n  and from 
5 a vapor phase. I n  Trumbore’s work 
s o l u b i l i t y  CY (Xsjmelt ln  1/2 < n < 1 
whereas we observe 
s o l u b i l i t y  Cy (Ps lm 1 < m < 1.5 . 
2 
T h i s  sugges t s  d i f f e r e n t  i nco rpora t ion  mechanisms a r e  ope ra t ive  
f o r  t h e  2 processes  - a t  l e a s t  one of which may then  be a non- 1 1  
equi l ibr ium” one. 
I t  has  been assumed tha t  t h e  s u r f a c e  concen t r a t ion  i n  t h e  
d i f f u s i o n  p r o f i l e s  i s  t h e  equi l ibr ium s o l u b i l i t y .  The p o s s i b l i t y  
of p r e c i p i t a t i o n  should a l s o  be cons idered ,  
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SULFUR VAPOR DENSITY (pg /mI) 
FIG. 4 - V a r i a t i o n  of Sur face  Concentra- 
t i o n  as a f u n c t i o n  of s u l f u r  pressure  
du r ing  d i f f u s i o n  (T = 1215OC). 
